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Abstract 

The last three years have seen a phase transition in our knowledge about 
CP violation: (i) Direct CP violation has been established in Ki — > tttt. (ii) 
The first CP violation outside Kl decays has been observed in Bd — » ^Ifsr: 
(sin20i) = 0.78 ± 0.08 in amazing agreement with the prediction from the 
CKM description. The latter is thus seen as a tested theory. This increase in 
knowledge is not matched by progress in understanding. Searches for further 
manifestations of CP and T violation are mandatory. It is argued that one 
can profit greatly from studying atoms, molecules and nuclei. 



1 Dedicated to Roberto Peccei on the occasion of his 60th birthday. 
2 Invited talk given at Meson 2002, the 7th International Workshop on Meson Produc- 
tion, Properties and Interactions, Krakow, Poland, May 24 - 28, 2002. 
3 Permanent address 
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1 Overview 

When I was invited to this meeting, I accepted for two reasons. The first one 
is Cracow: you only have to step onto the large square in the center of town 
to notice the beauty of the place and to realize you are in one of the truly 
great cities of Europe. The second reason is the Jagellonian University: over 
its long and illustrious history it has proven time and again that the power 
of the mind can overcome the force of the bayonets; therefore I always feel 
honoured by an association with this great university. 

Once I started preparing this talk I realized there is a third reason why 
I am happy to talk to you, although most of you and I are usually running 
with different crowds: I think the time has come - actually the opportunity 
has arisen - to rethink the alignments that have developed in particle physics 
and come up with a new alliance to pursue the study of fundamental physics. 

The message I want to communicate to you is the following: 

• In the last three years our knowledge about Nature's design has under- 
gone such a large change that I would like to call it a phase transition: 
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— We have witnessed the conclusion of an epoch with the experimen- 
tal establishment of direct CP violation in the form of e'/e 7^ 0. 

— The first CP asymmetry outside the Kl complex has been discov- 
ered in Bd — > ipKs- 

— The CKM description of CP violation has been promoted from an 
ansatz to a tested theory. 

— A clear whiff of New Physics has been caught in the evidence for 
neutrino oscillations. 

• While our knowledge has increased, our understanding has not! 

• There is added urgency to search for New Physics. One has a 'King 
Kong' scenario for such a search and one where one has to rely on nu- 
merical precision, which represents a challenge not encountered before. 

• A new alliance can provide new dimensions to such probes. 



2 CP Violation — The Landscape 
2.1 Light flavours 

CP violation was discovered 1964 through the decay Kl — > 7r + 7r~ - causing 
considerable consternation among theorists |T|. Till 1999, i.e. for 35 years, 
CP violation could be described by a single non-vanishing real number - 
namely the phase between the quantities M 12 and in the K° — K° mass 
matrix - even in view of a large body of data! Direct CP violation has 
been unequivocally established in 1999. In the summer of 2001 peaceful 
coexistence has been achieved between the data of NA48 and KTeV with a 
new world average ||: 

(e'/e K ) = (1.72 ±0.18) ■ 10^ 3 (1) 

Quoting the result in this way does not do justice to the experimental achieve- 
ment, since ex is a very small number itself. The sensitivity achieved and 
the control over systematic uncertainties established becomes more obvious 
when quoted in terms of actual widths: 

T(K° -> 7T + 7T-) - T(K° -> 7T + 7T- 



r(K° -> 7T + 7T-) + T(K° -> 7T + 7T- 



(5.7 ±0.6) ■ 10" b ! (2) 
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This represents a discovery of the very first rank - no matter what theory 
does or does not say. The two groups deserve our deep respect, and they 
have certainly earned my admiration. 

CPT symmetry implies that CP violation has to be accompanied by T 
violation; yet one would like to have a more direct manifestation of T viola- 
tion. It has been demonstrated by CPLEAR through the Kabir test, where 
one compares K° =>- K° with K° =>- K°. To tag the initial state they rely on 
associated production of strangeness; the flavour identity of the final state is 
revealed through semileptonic decays. CPLEAR finds || 

in full agreement with the value (6.54 ± 0.24) • 10~ 3 inferred from — > im. 

The leading, namely linear term for the energy shift of a system inside 
a weak electric field E is described by a static quantity, the electric dipole 
moment d (EDM) @: 

AS = d-E + 0{E 2 ) (4) 

For a non-degenerate system with spin s one has d oc s; therefore d ^ 
reveals T (and P) violation. The following upper bounds have been found 
for the EDM's of neutrons and electrons: 

d N < 6.3 • KT 26 ecm (5) 
d e = (-0.3 ± 0.8) ■ 10~ 26 ecm (6) 

These numbers reflect heroic experimental efforts that I cannot praise enough. 
The following comparisons might give you at least an intuitive feeling for the 
sensitivity achieved: the uncertainty in the electron's magnetic moment is 
about 2 ■ 10 -22 e cm and thus several orders of magnitude larger than the 
bound on its EDM! The bound on the neutron's EDM is smaller than its 
radius by 13 orders of magnitude. This corresponds to a relative displacement 
of an electron and a positron spread over the whole earth by less than 10 /x 
- much less than the thickness of human hair! 



2.2 CP violation in beauty decays 

As predicted already 1980 the CKM description implies large CP asymme- 
tries in several classes of B decays involving Bd — Bd oscillations, most notably 
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in Bd — > ipKs [f|, |5|. The existence of a huge CP asymmetry in Bd — > ipK$ 
has been established in 2001 by BELLE and BABAR J7|, ||; this spring they 
have presented updates that agree very nicely [!|: 

, /u . T ,,_ j 0.75 ± 0.09 ± 0.04 BABAR . . 

A CP (B d -> - j Q g2 ± Q J2 ± Q Q5 BELLE (7) 

I have used here the notation rate (B d (t) — > ipK s ) oc e" rs *[l — A C p(B d — > 
V'-ffs^inAmd] [] rather than the CKM (near)identity Acp{Bd — > ipKg) = 
sin20!. The world average reads 

(A CP (£ d -> ^^5)) = 0.78 ± 0.08 (8) 

We can conclude that the CP asymmetry in Bd — > ipKs is there for sure and 
it is huge - as expected! 

The data reveal directly that T and CP violation come together: 

• The function sinArridt representing CP violation is odd under t — > — t 
and it describes the data well. 

• On the T(4S) neutral B mesons are produced with their antiparti- 
cles, and one observes two B decays with one, say a semileptonic one, 
tagging the flavour identity and the other one being common to Bd 
and Bd decays. I.e., one compares e + e~ — > {1 + X)b + {ipKs) with 
e + e~ — > (l~X)g + (ipKs) as a function of relative time of decay At; 
any difference constitutes a CP asymmetry. The data show that the 
two distributions are shifted by the same amount, yet opposite direction 
away from At = with B°(t) — > ipKs proceeding sooner, i.e. faster. It 
should be noted that EPR correlations |IJ are an essential element in 



this analysis: the two B mesons are produced predominantly in a C- 
odd configuration; therefore even with oscillations they have to remain 
orthogonal to each other till one of them decays. 

A new front has been opened up with studies of Bd(t) — > tt + tt~. The 
general parametrization for a CP asymmetry is given by 

R + (At)-R (At) _ . . . ^ . . 

, A { K —t = SsmAm d At + CcosAm d At (9) 

R+(At) + R-(At) K ' 



H denotes the proper time of decay. 
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where R[ + -](At) denotes the rate for B^B d — > (/+[/ ]X)b + (vr + 7r and 

_ 2Im(g/p)p(7T7r) = 1 - \(q/p)p(^)\ 2 = T(B d -> tttt) 

1 + I(?/^WP' "l + |(?/p)pHP' Pm T^-™) 1 J 

C^O constitutes (izrect CP violation - yet so does S ^ —A C p(B d — >■ ij)Ks)\ 
This spring BELLE as well as BABAR have presented preliminary data 
on this channel f| || : 

BELLE : S n7T = -1.2llg;$lg;Jjj , C W7r = 0.94±g;lf ± 0.09 (11) 
BABAR : = -0.01 ± 0.37 ± 0.07 , C n7T = 0.02 ± 0.29 ± 0.07 (12) 

Taken at face value the two sets would suggest very different messages, 
namely BELLE seeing a large CP asymmetry also of the direct variety, while 
BABAR not seeing any CP asymmetry. In view of the large statistical un- 
certainties, such conclusions would be premature. Yet there is another some- 
what more subtle point I would like to emphasize [?] . The first order should 
be to analyse whether one has observed something that goes beyond what 
has been established in B^t) — > if)Ks- There one has found a large complex 
phase that will contribute to B d (t) — > tt + tt~ as well in the form of 

= SipKs = -(0.75 4- 0.82) , CW = (13) 

The relevant question is not whether Eq. ( O ) yields the best fit to the data 
- far from it! What matters is whether it provides an acceptable description. 
If not, one has established direct CP violation in B d decays, since two flavour 
non-specific decay channels have exhibited different CP asymmetries. Not 
observing any CP asymmetry in B d (t) — ► 7r + 7r _ would actually establishes 
large direct CP violation! 

BELLE has shown some intriguing evidence for a large CP asymmetry in 
B ± -> ^Ks: 

A CP = 0.46 ±0.15 ±0.02 (14) 

CPT invariance requires such an effect to be compensated by an asymmetry 
in channels that can rescatter with it Kg] K ± 7r°/rj should figure prominently 
among such channels. Finding indeed the compensating effect there would 
be a very persuasive cross check. 
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3 The Unreasonable Success of the CKM De- 
scription 

Due to CPT symmetry CP violation can be implemented only through com- 
plex phases; those can arise in charged current couplings. CP invariance 
can thus be broken only if the dynamical substrate is sufficiently complex. 
Kobayashi and Maskawa realized in 1973 that within the SM this requires 
three families. Denoting the unitary matrices diagonalizing the "up" and 
"down" quark mass matrices by T u and T D , respectively, one has for the 
CKM matrix Vckm = T^(T^Y; i.e., Vckm represents a nontrivial unitary 
matrix, unless the "up" and "down" quark sectors are aligned. CKM param- 
eters are thus intrinsically connected with the mass generation for quarks. 
The unitarity conditions for the 3x3 matrix Vckm yield three weak univer- 
sality relations and six triangles in the complex plane. Among the latter is 
one that involves b quark couplings and has naturally large angles. 
The status of the KM pre- & post-dictions in '98 was as follows: 

• Arrix, £k and Am(B^) can be reproduced within a factor of two. 

• Cancellations reduce e'/ex below its 'natural' value of 10~ 3 ; yet there 
were some heretics objecting to this certitude [llj. 



Concerning the CP asymmetries in B decays it was stated that some 
have to be of order unity with no "plausible" deniability; in the early 
'90's - i.e. before the discovery of top quarks - this was specified to 
predicting sin20i[/3] ~ 0.6 — 0.7 if today's estimates of fs are used [|l^ 



• In '98 courageous souls predicted sin2</>i[/3] ~ 0.72 ± 0.07 ]T5]. 

It is indeed true that large fractions of ArriK, £k and Arris and even most 
of e' could be due to New Physics; constraints from data thus translate 
into 'broad' bands in plots of the unitarity triangle. Yet such a statement 
seemingly reflecting facts misses the deeper message! Consider a map of 
Krakow and plot where participants of this conference and their companions 
can be found during a day. You will find rather broad bands covering at least 
the area between the Wawel, Kazimierz, the Barbikane and Bursa Pigonia on 
Garbarska street. Yet the real point is that so many physicists from all over 
the world are concentrated in Krakow. This cannot be an accident; there has 
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to be a good reason - and there is, of course! Similarly one has to keep in mind 
that the dimensional quantities describing the weak observables span several 
orders of magnitude. It is highly remarkable that the CKM description can 
always get to within a factor of two or three - in particular with numerical 
values in its parameters and the fermion masses that a priori would have 
seemed to represent frivolous choices, like m t ~ 180 GeV. And it appears 
right on the mark for sin20!! Hence I conclude that the CKM description 
is no longer a mere ansatz, but a tested - though not confirmed - theory; 
its forces are with us to stay. En passant we have learnt that when complex 
phases surface they can be large. 

An aside might be allowed here. A CP odd quantity depends also on the 
sin (and cos) of the three CKM angles in addition to the complex phase. 
While the latter is large, the former are small or even tiny - something that 
can be understood in the context of theories with extra dimensions ill 



allowing CP violation a la CKM to be generated perturbatively A large 
CP asymmetry can arise when also the decay rate is suppressed by small 
CKM parameters as it happens in B decays. 

Yet this new and spectacular success of the SM does not resolve any of 
its mysteries - why are there families, why three, what is the origin of the 
peculiar pattern in the quark mass matrices - they actually deepen them. 
Consider the structure of the CKM matrix: 

/ 1 0(A) 0(A 3 )\ 
\V C km\ ~ O(X) 1 0(X 2 ) , A = sin0 c (15) 
\e>(A 3 ) £>(A 2 ) 1 ) 

There has to be fundamental information encoded in this hierarchical pat- 
tern. The situation can be characterized by saying "we know so much, yet 
understand so little!" It emphasizes that the SM is incomplete, that New 
Physics must exist. 

4 On the Future of CP Studies 
4.1 The 'King Kong' scenario 

AS" = 1,2 dynamics have provided several examples of revealing the inter- 
vention of features that represented New Physics at that time like parity and 
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CP violation, the existence of quark families etc. It thus has been instru- 
mental in the evolution of the SM. This happened through the observation 
of 'qualitative' discrepancies; i.e., rates that were expected to vanish did not, 
or rates were found to be smaller than expected by several orders of mag- 
nitude. Such an indirect search for New Physics can be characterised as a 
'King Kong' scenario: "One might be unlikely to encounter King Kong; yet 
once it happens there can be no doubt that one has come across something 
extra-ordinary" . Such a situation can be realized again in different ways: 

• Dedicated searches for EDM's of neutrons, atoms and molecules are a 
definite must [IE, O - no excuses are acceptable. For one should keep 



in mind that they are so tiny in the SM for reasons very specific to the 
CKM implementation of T violation. 

Searching for a transverse polarization of muons in K + — > yU + z/7r is a 
promising way to uncover the intervention of Higgs based CP violation. 

There exists a large literature on D° — D° oscillations with predictions 
covering several orders of magnitude. That does not mean that they 
are all equally credible, though. A systematic analysis has been given 
now based on the operator product expansion expressing x = Amp/V 
and y = Ar/2r in powers of l/m c , m s and KM factors. One finds 
c, y ~ 0(lCr 3 ) with the prospects for reducing the uncertainties 



rather slim; one should also note that y is more sensitive to violations of 



quark-hadron duality than x. Recent claims [19| that there is a model 
independant estimate yielding x, y around 1% are greatly overstated. 

After the early indication from FOCUS that y might be around 1%, 



other data have not confirmed it fl20| : y as well consistent with 



zero on the 1-2 % level. Detailed searches for CP asymmetries in D 
decays have been and are being undertaken: data are consistent with 
no asymmetries so far, again on the few percent level |f2T] . 



While it is possible to construct New Physics scenarios producing effects 
as large as 10 % or so in charm transitions, a more reasonable range is 
the 1% level. Thus one is only now entering territory where there are 
some realistic prospects for New Physics to emerge. 
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4.2 The 'Novel Challenge' 

The situation is quite different in B transitions since the CKM dynamics 
already generate large CP asymmetries. The one significant exception arises 
in B s (t) — > ip + r]/<f) where one can reliably predict a small asymmetry not 
exceeding 2 % for reasons that are very specific to the CKM description [§]; 
anything beyond that is a manifestation of New Physics. 

We can expect that the B factories, BTeV and LHC-b will allow to mea- 
sure a host of CP asymmetries with experimental uncertainties not exceeding 
a few percent. The question then arises whether we can exploit this level of 
sensitivity theoretically; i.e., whether one can interprete data and make pre- 
dictions with no more than a few percent theoretical uncertainty. I do not 
consider such a goal for theoretical control a luxury. With the exception of 
B s (t) — > ip + <f)/i] noted above CP asymmetries in B decays often are large 
within the SM (or are severely restricted by the need for strong phase shifts). 
Therefore New Physics typically cannot change SM predictions by orders of 
magnitude. Furthermore I had argued above that the success of the CKM 
theory in describing weak observables characterized by scales ranging over 
several orders of magnitude is highly non-trivial. Accordingly I do not find it 
very likely that New Physics, i.e. dynamics not noted before, will affect tran- 
sition rates for B hadrons in a massive way. Thus one is faced with a novel 
challenge: can one be confident of having established the presence of New 
Physics when the difference between the expected and the observed signal is 
much less than an order of magnitude? To be more specific: assume one pre- 
dicts an asymmetry of 40 %, yet observes 60 % - can one be certain of New 
Physics? What about if one observes 50%? Interpreting such quantitative 
discrepancies represents a challenge which we have not faced before. 

5 The New Alliance 

Limitations of T and CP invariance are probed in a large number of dy- 
namical environments using a host of experimental techniques and set-ups: 
one searches for EDM's of neutrons, electrons, atoms and molecules; for CP 
asymmetries in the decays of muons, r leptons and hadrons with strangeness, 
charm and beauty quantum numbers; one performs both fixed target and 
colliding beam experiments; one harnesses the coldest temperatures ever 
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achieved on earth - when producing ultracold neutrons - and the highest 
temperatures witnessed in the universe since just after the big bang - when 
running at the LHC. Every high energy physics lab has a dedicated program 
of CP studies; several labs of nuclear and atomic physics participate in a 
significant way. Clearly whenever so many so diverse groups of researchers 
pursue a goal, that goal must be of great importance. 

In particle physics fundamental dynamics is probed on three different 
frontiers, namely the high energy, high sensitivity and high precision fron- 
tier. This is a very useful and natural classification and division of labour. 
However we should not allow it to become a straightjacket. It is about time 
- maybe even high time - to form new alliances to probe fundamental dy- 
namics. T and CP studies are a prime example with a well defined - though 
not widely perceived - program for such a new alliance: 

• Such studies provide an extremely sensitive low energy probe of funda- 
mental dynamics. 

• We know that the CKM mechanism cannot generate the baryon number 
of the Universe. 

• The non-CKM dynamics thus required could easily be buried in beauty 
decays under the 'background' of large CKM CP asymmetries in an ex- 
ample of Telegdi's famous dictum that 'yesterday's sensation is today's 
calibration and tomorrow's background'. 

• At the same time such dynamics would have hardly a competition from 
CKM forces when probing T and CP invariance in light flavour systems. 

• Furthermore we would benefit greatly from the expertise developed in 
other areas of physics and the opportunities offered by such complex 
systems like nuclei and molecules as labs to search for T odd effects. 
One should keep in mind that the emphasis here is on sensitivity, rather 
than precise theoretical control, as long as there is no competition from 
known physics. 

• Many such experiments are truly 'table top' set-ups, though of a highly 
sophisticated kind [|3[ . 
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6 Summary 



"The SM is consistent with the data" is a statement most of you experience 
as a worn-out refrain. However in the last two years it has acquired new 
dimensions (pun intended) leaving the Higgs sector as the only remaining 
'terra incognita' of the SM. For an essential test of the CKM description of CP 
violation has been performed in B — > ipKs; the first CP asymmetry outside 
the K° — K° complex has been observed, and it is huge - as expected! In 
my judgement the CKM description of CP violation thus has been promoted 
from an ansatz to a tested theory that is going to stay with us. Yet this 
success of the CKM theory does not resolve any of the central mysteries of 
the SM concerning the heavy flavour sector: why is there family replication, 
why are there three families, what generates the very peculiar pattern in the 
quark masses and the CKM parameters? It actually deepens those mysteries 
and - in my view - makes a convincing case that the SM is incomplete! 
This conclusion is further strengthened by three observations: 

1. Strong experimental evidence has been accumulated for neutrino os- 
cilations. One might argue that those can be incorporated into a 'triv- 
ial' extension of the SM by just adding right-handed neutrinos with- 
out gauge interactions; one can engineer neutrino Yukawa couplings to 
Higgs doublets in such a way as to obtain the needed mass matrices. 
However that would be highly contrived; the only known natural way to 
understand the tiny neutrino masses is through the see-saw mechanism, 
which requires Majorana masses. Yet those cannot be obtained from 
doublet Higgs fields. While the see-saw mechanism suggests a highly 
hierarchical structure in the neutrino parameters, this is not necessar- 
ily so as pointed out by Jezabek, since there are actually two matrices 



describing v mass-related parameters |24 



2. The 'strong CP problem' remains unsolved []2"2"| , TE\. 

3. We know now that CKM dynamics cannot generate the baryon number 
of the Universe. 

It is obvious then that the dedicated study of heavy flavour dynamics can 
never become marginal, let alone obsolete. Much more can be said about this; 
here I want to comment only on directions for CP studies. It hardly needs 
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justification to analyze all kinds of CP asymmetries in the decays of beauty 
hadrons with as much precision as possible. Yet this truth should not make 
us forget about other important avenues to pursue. For the non-CKM CP 
violating dynamics needed to generate the Universe's baryon number have a 
much better chance to reveal themselves through their impact on T odd effects 
for light flavour hadrons and leptons. At the same time we would benefit 
tremendously from the expertise accumulated and the opportunities spotted 
in different areas: atoms, molecules and nuclei can represent promising labs 
to search for T odd effects like EDM's etc. 
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